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ABSTRACT

We have designed, fabricated, tested and modeled afirst generation small areatest structure for MEMS fracture
studies by electrostatic rather than mechanical probing. Because of its small area, this device has potential
applications as a lot monitor of strength or fatigue of the MEMS structural material. By matching deflection versus
applied voltage datato a 3-D model of the test structure, we develop high confidence that the local stresses achieved
in the gage section are greater than 1 GPa. Brittle failure of the polycrystalline silicon was observed.

1. INTRODUCTION

Fracture and fatigue strength is an important criterion in mechanical engineering design. In Microelectromechanical
Systems (MEMS), the structural material is often a polycrystalline silicon (polysilicon) thin film, but other thin film
materials such as aluminum, amorphous diamond, polycrystalline diamond, and gallium arsenide have been
developed or are being considered for future applications. Fracture strength of the thin film can conceivably vary
with each manufacturing lot due to potential differencesin grain size control or flaw size in the resulting films. In
thiswork we investigate a small area fracture test structure suitable for lot monitoring by electrostatic probing.

For our purposes, the fracture test structure for process monitoring should ...

1) befabricated according to the standard process flow and be tested on-chip without special handling.

2) require only a small area on the chip so that the majority of the real estate can be devoted to the MEMS device.

3) use electrostaticsto provide force, asthisis the means of actuationin MEMS. The stucture can then be tested
simultaneously with other structures which yield information on mechanical and surface properties [1-6] within
the framework of the Interferometry for Materials Properties (IMaP) test methodology we are developing.

4) allow verifiable deflections to be measured so that the fracture/fatigue strength can be

known to high confidence.

5) be independent of the structural material so that multiple structural materials can be compared.

A multitude of techniques have been proposed to measure fracture strength for MEMS, none of which satisfies
sufficiently the criteria above. One common method isto apply aforce to a cantilever beam, either by means of a
calibrated force probe [7,8], or by measuring deflection of the probe [9-11]. However, electrostatics cannot provide
sufficient force to fracture such structures. A second method isto build a MEM S gage sample, remove it from the
substrate, attach it to a gripper and characterize it by means of a load-displacment curve [12-14]. This method yields
accurate gage dependent and stress concentration results, but requires relatively large samples. Also specimen
handling is difficult. Gage data can be obtained by means of atest probe directly exerting force on an as-fabricated
tensile sample [15]. A third method isto build a notch or stress concentrator into the device. Fracture can then be
induced by high levels of residual strain [16,17]. However, in micromachining fabrication processes, such strainis
typically undesirable and therefore eliminated by annealing. Alternatively, electrostatic comb drives can provide the
forceto induce fracture [18,19]. However, alarge area comb drive is required because of itslow force per unit area
efficiency. A resonance technique where the force is provided by an oscillating electric field has also been explored
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[20,21]. To date, fracture has only been induced in this case when a natural crack wasfirst created via
nanoindentation.

2. CONCEPT, MODELING AND FABRICATION OF THE TEST STRUCTURE

L > Because of the small forces provided by
— electrostatics, it isimportant that a large fraction of
Wi the device volume be dedicated to electrostatic force
+ application. Second, a device geometry which
creates force and stress amplification isrequired. A
structure which satisfies both of these requirements
isshown in Fig. 1. Referring to Fig. 1(b), potential
V, applied across most of the length of the device
resultsin a volume-efficent application of force in

actuation the zdirection, with a substational out-of-plane

pad deflection D . Because of beam stretching, the force
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Fig. 1 (a) Top view and (b) side view of the
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Here, E is Y oung's modulus of the beam, Wi, Wrin @nd L are asin Fig. 1(a), and eg isthe residual strain in the
film. The maximum z-deflection D and the deflection d due to boundary compliance are as shown in Fig. 1(b).
From Eq. (1), we see that in order to maximize stress, the ratios (D /L)? and (Wie/Winin) should be large, and the
deflection d due to boundary compliance should be minimized. Although it is desirable to have alarge residual
strain e, this property is usually in the range of afew microstrain in order to be compatible with micromachining
device components.

Given that eg istypically small, the strongest factor in Eq. (1) istheratio (D /L)% Wewould liketo increase ? ina
stable controllable fashion until fracture occurs. A well-known problem in obtaining stable values of D while
increasing voltage V, isthat beyond acertain pull-in voltage V,;, electrostatic forces exceed restoring forces in the
beam. To first order this occurs for D ~(h/3), where height of the beam h is as shown in Fig. 1(b) [22]. However,
the stable range for D can be increased significantly by placing the actuation pad only near the support posts at the
expense of increasing voltage [23].

With these guidelines in mind, we conducted a parametric study using an approximate two-dimensiona finite
difference beam model in order to optimize the parameters of Fig. 1 for the test structure. In this study, we assumed
s r=Eer™ 3 MPg, indicative of our usua polysilicon film (poly) residual stress s g of the first level poly
(MMPOLY 2) in the Sandia National Laboratories SUMMIT micromachining process [24]. A maximum voltage
Vpad=Vima=200V applied to the pad was assumed in the mode! (a conservetive value to avoid dielectric breakdown of
the air dielectric). We found that using our upper level of polysilicon with h=6 pm (the MMpoly3 layer), significant
stresses could develop with this test structure, because then a large stable value of D can be obtained. With E=170
GPa, t=2.25 um, h=6 pm, L=360 um, Lyx=150 pm V,=200V, s g =3 MPa, (Wia/Whin)=200 and ignoring support
post deflection d, the structure was optimized to allow D =4.4 um. Eq. (1) then indicates that astress s jg=3.3 GPa
can be developed. Making a correction for 2d™ 15 nm (as found from subsequent modeling), it appearsthat it is
possible to create a stresss jjg=1.7 GPa. This compares to fracture stress values of s ¢ ~1-4 GPatypically observed



Paper in SPIE Proceedings, v. 3875, Materials and Device Characterization in Micromachining, Santa Clara, CA Sept. 1999

in the literature for polysilicon [9,15,25], suggesting that the test structure can indeed be caused to fracture using this
approach.

Although refinement of the two-dimensional modeling by resorting to three-dimensional analysis might lead to a
better idea for the maximum value possible of s jig, the maximum voltage Vi, that could be applied before
dielectric breakdown, as well as the stress of the MMPoly3 level s g were not well known. Therefore, we decided
to layout and fabricate the test structuresin order to measure these parameters. In the layout, an attempt was made
to maximize the support post rigidity by designing sacrificial oxide cuts with minimum width. Due to the conformal
nature of the polysilicon, the support post isa 6 pum solid block of polysilicon throughout its thickness. Details of
the support post construction can be found in this proceedings volume (pad 3 in ref. [25]).

The devices
were
processed
according to
the SUMMIT
process flow
[24]. An
SEM of the
completed
device after
releaseis seen
inFig. 2. The
layout area
including the
support post
pads on the ends is 200 um X 500 pm, with an
additional pad of 100 um X 100 pm on the bottom
side for pad actuation. Release holes are seenin
the portion of the beam which is suspended above
the substrate. These are reguired to ensure that the
oxide is entirely removed from under the beam.
Gage sections of 10 and 1 micron were studied,
and we shall refer to these as "Device 1" and
"Device 2" respectively. The structure shownin
Fig. 2 has a gage section of 1 umwidth. A

Fig. 3 SEM closeup of the 1 um gage section test structure  closeup of the 1 micron gage section is shown in
("Device #2") after fabrication and release Fig. 3.

Bt el s

3. IN-SITU INTERFEROMETRY OF TEST STRUCTURE ACTUATION

We describe initial test results for the two devices. The devices were electrostatically probed in air while being
imaged under interferometric conditions by use of a Michelson attachment on a 10X objective lense. The test setup
is as described in ref. [2], and allows measurement of the beam deflections to approximately 10 nm accuracy.
Voltage was supplied by a Keithly 487 picoammeter, capable of 500V output. We verified that its voltage output
increases smoothly when voltage is increased (i.e. no voltage spikes) by means of a storage oscilloscope.  Current
was simultaneously measured.

An example interferometric image of an actuated device is shown in Fig. 4. Here, avoltage V,=215V is applied,
inducing significant deflections, similar to Fig. 1(b). Background fringes are aligned parallel to the length of the
device, so that fringes along the length of the beam indicate out-of-plane (2) deflections. Each fringe represents a
deflection | /2=275 nm for the monochromatic green light used. From a digitized linescan, the fringes are
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interpreted to obtain point by point z-deflections with aresolution of ~1.25 pmin x. Deflection curves (through the
center line of the structure) vs. actuation voltage for Device #1 are seen in Fig. 5.

Asthe voltageis
il increased, high stress

|

levels are developed in
the gage section, and
the desired outcome is
that the gage section
will fracture. Then,
knowing the
deflections just before
fracture, awell-known
fracture stress can in
principle be calculated.
However, besides
fracture, two undesired
effects may result. The
first is electrostatic
breakdown of the air
dielectric, and the
second is device pull-
in.

Fig. 4 Interferogram of Device #2 (1 pm wide gage section). The deviceis
stably pulled in to 2=3.9 um with Vp=215V.

8 8 8 B Data
Modeling

0

We first discuss the electrostatic breakdown voltage, Vegp.
Device #1 is significantly stiffer than Device #2, and could
repeatably sustain a voltage of up to 260 volts. According
to ref. [26], when electrostatic breakdown initiates, the
actuator shows chaotic fluctuations. At V,=260V, no such
behavior was observed, nor did the deflections reduce over
time as would be the case if discharge events had occurred.
Current in the nanoampere regime flowed at V,>260V. We
v =260V, believe that this was due to surface conduction between the
4000 A actuation pad and the grounded beam rather than due to
0 30 GOX posmi’)?] (“m)lZO 150 180 glectrogtatic breakdown. Pull-in was observed at 265-270V
Fig. 5 Experimental vs. modeled deflections 10 Device#1. We conclude that electrostatic breakdown
for Device #1 (10 um wide gage section) volta_age Vegp isat I_east 2_79V. Thisisin agreet_ament with
the literature on this topic: Paschen curves exhibit a sharp
increase in breakdown voltage below a 10 micron gap size[27]. When pull-in occurred at 260-270V, the gage
section in Device #1 did not fracture. Current did increase because of beam contact with the underlying actuation
pad, and damage to the actuation pad at the point of contact did occur.
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A catastrophic event for Device #2 occurred at V, values of 150, 211, 213 and 218 volts, resulting in a gage section
separation. Because Vegp>270V, the event must signify either fracture or pull-in. It is currently difficult to
distinguish experimentally between these phenomena. In the next section, we apply three-dimensional simulation in
order to determine which of these events likely occurred. If the simulation indicates the pull-in voltage is greater
than 220V, fracture likely occurred. Otherwise pull-in and subsequent fracture occurred. In the case of pull-in first,
we can report a minimum stress level that the polysilicon can exceed.

4. THREE DIMENSIONAL MODELING
In order to determine if the catastrophic event for Device #2 for V, between 210 and 220V volts was due to fracture

or pull-in, we created a three-dimensiond finite element model with a coupled solution between the electrostatics
and the mechanical structure. First, Device #1 was modeled, and the modeled deflection results are compared to the
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measured datain Fig. 5. Inorder to obtain this agreement, the parameters of Fig. 1 including h=6.62 pm, t=2.28 um
were measured, the residual stressin the beam s g was varied from 0 to —7 MPa, and the compliance of the
boundaries was modeled with a simple short cantilever beam approximation similar to ref. [28]. We seeinFig. 5
that at s R =0 MPa, the deflections are well matched at a series of voltages V, from 200 to 260V. To show the
resolution with respect to s g, the deflections at V=260V are also shown with s g=-4.5 and —7.0 MPa. Clearly the
best agreement isat s =0 MPa. With s =0, the pull-in voltage was found to be 265V, in good agreement with
our experimental data of 260-270V.

Next we modeled Device #2, using the same parameters as above. We found that assuming a gage section of

1 micron, there were systematic differences between the measured and modeled deflections. The actual linewidth of
the gage section was measured by SEM, and found to be 0.78 um. We are in the process of improving the
agreement between the measured and modeled data for Device #2. Thus far, we have seen that the model is very
senditive to the value of the gage section linewidth. It appearsthat the pull-in voltage is approximately 215V, very
close to the measured values.

1200 T T T Independent of whether the catastrophic event is due to pull-
in or fracture, we can place alower bound on the stress
which the material can withstand. The maximum principal
stresses in the gage section and fillet as a function of
actuation voltage V, are as shown in Fig. 6. Inthis
simulation, the maximum stress occursin thefillet area,
which has aradius of curvature of 2 microns. Simulations
have shown that with a4 pm radius of curvature, the stress
is maximized in the gage section rather than in thefillet.

940 60 80 200 The maximum stress along the bottom of the gage section is

Applied Voltage V. | nearly uniform, indicating that the curvature of the beamis
Fig. 6 Max principle stressesin a0.7 um gage constant.
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5. FAILURE ANALYSIS

Examples of the fractography of Device #2 are shown in the SEMs of Figs. 7 and 8. For the sample which failed at
150V, aclear brittle fracture signature is observed in Fig. 7. However, the failure for the other sampleswas asin
Fig. 8. Herewe seethat the ligament areaitself has undergone melting. Further, there is damage to the underlying
nitride. Similar damage was seen on the other side of the ligament. Apparently after fracture and separation from

Fig. 8 SEM view of failed Device #2 (1 pum ligament).

Fig. 7 Example of intergranular fracture in Device #2 Arrrows indicates area where underlying nitride
(1 pm gage section) for Vp=150V. shows electrostatic damage.
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the voltage supply, sufficient charge remainsin the newly created cantilever beam to cause the underlying nitride to
fail by electrostatic breakdown. When this occurs, alarge current flows through the ligament, and it vaporizes. This
problem can be avoided by designing a ground plane poly layer electrically connected to the fixed fixed beams.
Fractography should then be possible for al the failed samples.

6. SUMMARY AND CONCLUSIONS

Using the principles of force and stress amplification, we designed an electrically probeable MEMS fracture test
structure which achieves ~1 GPalevel principle stresses in the gage section, while occupying an area of only

~0.1 mm?. Thistest structure is useful for establishing alower bound for stresses in polysilicon, and can be useful
for fatigue studiesin non-brittle materials. Testing of a 10 um wide gage section test structure indicates that the
electrostatic breakdown voltage in air is greater than 270 volts. Both experimental evidence and 3-D electrostatic
simulations of the deflections indicate that the 10 um gage section structure fails by electrostatic pull-in. After pull-
in, the 10 um gage section remains intact. For a1 um wide gage section test structure, gage section failure occurs
over arange of voltages from 150-218V. A lower bound for the fracture strength of the test structuresis~ 1 GPa.

With optimization of the test structure with 3-D modeling, we will be able to move the maximum stress region into
the gage section. Also, increased stresses before pull-in may be possible. A poly pad on the substrate under the
gage section with electrically connection to the beam structure will allow improved fractography for this device.

These improvements will the enable this test structure to be used as a fracture/fatigue for high volume process
monitoring in conjunction with other test structures we are developing. These include devices to monitor strain
gradient, mechanical properties such as Y oung's modulus and residua stress, support post compliance, adhesion,
adhesion hysteresis, friction and wear [1-6].
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